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The behavior of magnesium is of special interest since in studies on 
antagonism  magnesium  has  been  found  to  occupy an  intermediate 
position between the monovalent and the bivalent metals.  In many 
cases it can  act as an antagonist to calcium as well as to sodium.  As 
no  investigations  on  respiration  have  been  undertaken  from  this 
point  of  view,  the  writer  has  made  some  experiments  on  this 
subject. 
The experiments of Lipman  1 on the rate of ammonificafion of Bacil- 
lus subtilis have shown that there is some antagonism between sodium 
and  magnesium.  On  the  other  hand  he  found  no  antagonism,  but 
increased  toxicity,  when  magnesium  and  calcium  were  combined3 
Kelley,  ~ in  studying  the  ammonification  and  nitrification  of certain 
soils,  found  no  antagonism  between magnesium  and  sodium.  This 
sort  of  antagonism  was  observed,  however,  in  the  case  of nitrogen 
fixation  by  Azotobacter  chroococcum,  as  reported  by  Lipman  and 
Burgess2 
In  view of these facts it seemed desirable  to  study  the  effects of 
magnesium upon the respiration  of Bacillus  subtilis.  The  technique 
employed was the same as that described in a previous publication. 5 
1Lipman, C. B., Bot. Gaz., 1910, xlix, 207. 
Lipman, C. B., Bot. Gaz., 1909, xlviii, 105. 
8 Kelley, W. P., Univ. of California Pub., Agric. Sc., 1912, i, 39. 
4  Lipman, C. B., and Burgess, P. S., J. Agric. So., 1914, vi, 484. 
s Brooks, M. M., J. Gen. Physiol.,  1919-20, ii, 5. 
331 
The Journal of General PhysiologyRate  CO  2 production 
too%- 
100  - 
50- 
O_ 
0 
O.03PI 
,.  .. O.05and 
""  "  0.01FI 
°  o~--oo.5N 
1.OM 
I  I  I  I 
0  ~0  40  6O mirl. 
FIG.  1.  Curves showing the rate of respiration of Bacillus subtilis (expressed as 
per  cent  of  the  normal) in 0.03,  0.05,  0.01,  0.5,  and 1.0 M MgC12.  The  zero 
point  on the  abscissa denotes the  beginning of  exposure  to  the  salt  solution; 
previous to this the bacteria were in 0.75 per cent solution of dextrose in distilled 
water  The normal rate (which is taken as 100 per cent) represents a  change in 
pH value from 7.78 to 7.60 in a number of seconds depending upon the amount 
of bacterial suspension used, usually 30 seconds.  Each curve represents a single 
typical experiment. 
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Fig.  1 shows the  manner  in  which  the  rate  of production  of CO~ 
changes under the influence of MgC12, in concentrations  of 0.01,  0.05, 
,0.03,  0.5,  and  1.0  M.  During  the  first  10  minutes  the  bacteria  are 
under  normal  conditions  and  the  curve  (broken  line)  is  horizontal. 
After this,  at  the point  marked 0 on the abscissa,  the  salt is added. 
For example, the addition of sufficient MgC12 to make the concentra- 
tion  0.03 M produces an increase in  the  rate which remains constant 
during  the  period  of  experimentation.  When  the  concentration  is 
0.05  and  0.01  M the  rate  is  normal,  while  in  higher  concentrations 
there is a decrease in rate.  These curves are selected from a number 
of similar typical curves and each represents one experiment. 
Fig. 2 shows the effect of various concentrations of MgC12 upon the 
rate  of  respiration  expressed  as  per  cent  of  the  normal.  The  rate 
indicated  is that produced after the bacteria had been in contact  with 
the salt for 1 hour.  The figure shows that there is an increase in the 
rate of production of CO2 at 0.03 ~  and a  decrease in rate at concen- 
trations higher than 0.05 ~. 
The  effect  of  osmotic  pressure  in  these  experiments  is  probably 
negligible, since it has been shown in a previous paper  ~ that respiration 
is  normal  in  a  properly  balanced  solution obtained  by mixing 1.0 ~r 
K.C1 and 1.0 M CaC12 in the proper proportions. 
Fig.  3  shows  the  antagonism  between  the  salts.  Thus  Curve A 
shows that when 9.3 parts of 0.8 ~  NaC1, and 0.7 parts of 0.8 M MgCI~, 
were added to the bacteria, the  rate of respiration  remained  normal. 
The other proportions did not give normal rates. 
Curve B  illustrates  the effect of combinations of CaCI~  and MgC12 
upon  the  rate  of production  of COs.  There is no normal  rate  with 
any  combination  of  these  salts  at  0.8  ~  concentration.  There  is a 
maximum  in  the  curve at  8  parts  of 0.8  ~  CaC12, combined with  2 
parts  of  0.8  M MgC12,  where  the  antagonism  is  slight.  In  experi- 
menting upon lower concentrations of Ca and Mg in the same propor- 
tions,  no normal  rate  was obtained  until  the  concentrations  were so 
dilute that they would of necessity, according to their separate curves, 
produce normal rates.  It may be added that the combination of the 
two monovalent salts, NaC1 and KC1, does not give a  normal rate. 
In  order to find  out whether the pH value of the liquid containing 
the  bacteria  was changed  when  the  salts  were added,  thereby  influ- Rate o1" CO  z woduction 
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FIO.  2.  Curve showing the rate of respiration ofZBacillus  subtilis  (expressed as 
per cent of the normal)  as affected by various concentrations  o5  MgC12.  The 
normal rate (which is taken as 100 per cent) represents a change in pH value from 
7.78  to  7.60  in  a  number  of  seconds depending upon  the  amount  of bacterial 
suspension used,  usually  30  seconds.  Average~of three  experiments;~probable 
error less than 3 per cent of the mean. 
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•  •  B  F~c.  3.  Curves showing antagonism in the effect of salts on the resplratlono.of 
Bacillus  subtilis  (expressed as per cent  of the normal).  Curve  A,  antagonism 
between  0.8  ~  NaC1  (left),  and  0.8  ~r  MgCh  (right);  Curve  B,  antagonism 
between  0.8  ~  CaCh  (left) and 0.8 M MgCh  (right).  The ordinates represent 
rate of respiration  (expressed as  per cent of the  normal);  the  abscissm  repre- 
sent molecular proportions of the salts used.  Thus,  in  Curve  A,  the  ordinate 
at the extreme left represents the rate in 0.8 ~  NaCI, while the  ordinate at  the 
extreme right represents the rate in 0.8 ~r MgCh.  The  ordinate  in  the  middle 
represents  the  rate  in  50  parts  of 0.8  ~r  NaC1,  and  50  parts  of 0.8 ~  MgC12. 
In Curve B  the ordinate at the extreme left represents the rate in 0.8 ~  CaCle, 
while  the  ordinate at  the  extreme right  represents  the  rate  in  0.8  ~  MgCI2. 
The normal rate (which is taken as 100 per cent) represents a change in pH from 
7.78  to  7.60  in about 30 seconds, varying according to  the  number of  bacteria 
used.  Curve A, average of three experiments; Curve B, average of three experi- 
ments.  Probable error less than 3  per cent of the mean. 
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encing the rate of respiration, an indicator was added to this liquid 
in the apparatus;  the pH value was observed to remain so nearly con- 
stant that the change in the rate of respiration could not be attributed 
to  changes in  alkalinity of the medium in which the bacteria were 
placed. 
The  control  experiments gave  the  same  results as described in a 
previous paper3 
The results are in accord with those of Lipman, except that they 
show  a  slight  antagonism  between  magnesium and  calcium.  The 
difference between these observations and those of Lipman may be 
due to  the differences ill concentration, or in the length of the experi- 
ments, or to other matters of technique.  It is possible that a differ- 
ence in  the strain  of bacteria may have something to  do with the 
result. 
In general the results are in accord with those obtained in studies 
on antagonism in which criteria other than respiration are employed. • 
SUMMARY. 
1.  Concentrations of MgC12 up to 0,01 ~  have little effect upon the 
rate or respiration of Bacillus  subtilis~ at 0.03 ~r there is an increase 
in the rate, while in the higher concentrations there is a  gradual de- 
crease. 
2.  There is  a  well marked antagonism between MgC12 and NaC1, 
and a very slight antagonism between MgCI~ and CaCI~. 